Auditory sensory memory is assumed to play an important role in cognitive development, but little is known about it in young children. The aim of this study was to estimate the duration of auditory sensory memory in 2-year-old children.We recorded the mismatch negativity in response to tone stimuli presented with di¡erent interstimulus intervals. Our ¢ndings suggest that in 2-year-old children the memory representation of the standard tone remains in the sensory memory store for at least 1s but for less than 2 s. Recording the mismatch negativity with stimuli presented at various interstimulus intervals seems to be a useful method for studying the relationship between auditory sensory memory and normal and disturbed cognitive development.
Introduction
Auditory short-term memory is generally assumed to be crucial for cognitive development. The adequate functioning of short-term memory has, for example, been postulated to be a precondition for language acquisition [1] , and deficits in auditory short-term memory are thought to cause language and other developmental disorders [2] . The knowledge about short-term memory in young children is, however, limited, as it is usually determined by means of behavioural methods. Those demand focussed attention, motivation, and understanding of tasks. Such methods are inappropriate in young children or children with cognitive impairments.
The aim of this study was to examine auditory sensory memory in 2-year-old children using a method that is independent of attention and that does not require a behavioural response. An objective indicator of auditory memory that is suitable to use with young children is the mismatch negativity (MMN), an event-related potential (ERP), which is associated with a particular facet of auditory short-term memory, the auditory sensory memory [3] .
The MMN reflects an automatic, preattentive memorybased comparison process [3] . It is conventionally elicited by an infrequently occurring divergent auditory stimulus (deviant) in a stream of identical sounds (standard). The frequently occurring standard induces a neural representation in the sensory store, and the MMN is the result of a violation of anticipated information detected by comparison of the deviant with the memory trace of the standard. An MMN can be recorded only if the memory trace of the standard has not yet decayed. On the basis of the assumption that the lifetime of memory traces in the auditory sensory memory store can be examined by varying the interstimulus interval (ISI) [4] , MMN measures have been used to study memory processes in both basic and clinical research [5] [6] [7] .
MMN studies investigating auditory sensory memory in adults have shown that the MMN cannot be elicited reliably if the ISI is longer than approximately 10 s [8] [9] [10] . Cheour et al. [11] examined newborns and found an MMN in response to frequency changes with an ISI of 700 ms but not with an ISI of 1400 ms. In a different study, they showed that in school-age children an MMN could be elicited with 1400 ms [12] . Gomes et al. [13] studied three groups of healthy children (6-7, 8-10, 11-12 years) and a group of adults. In all groups an MMN was present if the ISI was 1000 ms, but for 8000 ms an MMN was evoked only in the 11-year-old and 12-year-old children and in the adults.
In this field, however, there is a lack of systematic studies, particularly in children during the crucial phase of cognitive development. Information regarding auditory sensory memory is of importance for understanding the relationship between auditory short-term memory and normal and disturbed cognitive functioning. Earlier studies have provided evidence that the duration of sensory memory lies somewhere between 0.7 and 8 s in young children, however, this information is too imprecise for practical use. The aim of this study was to determine the duration of auditory sensory memory in 2-year-old children. More precise knowledge about this facet of short-term memory in young children could allow an early detection of memory deficits in children with cognitive impairments, which may in turn enable an early and specific intervention.
Methods

Participants
The participants were 37 normally developing 2-year-old children. The MMN was elicited in three conditions with different ISIs. By dividing the children into two groups, only one experimental session was required for each child. In group 1 (22 children) ISIs of 500 and 1000 ms and in group 2 (15 children) ISIs of 500 and 2000 ms were used. Of the 37 children, 16 were girls and 21 boys (group 1: 10 and 12; group 2: 6 and 9, respectively). The participants were aged between 25 and 27 months (group 1: mean 25.4 months, SD 0.6; group 2: mean 25.8 months, SD 0.7). On the basis of the parent report, there was no evidence for developmental or general medical disorders in any of the children. The children had normal scores on screening instruments for cognitive abilities and language development. The children's hearing was normal as assessed with an otoacoustic emission screening test. Of the 37 mothers, 26 (70%) had completed at least 13 years of school.
The general design of the study was approved by the ethics commission of the university medical faculty. The parents of all children gave their written informed consent.
Stimuli and procedure
Tones of 1000 (standard) and 1200 Hz (deviant) were used as stimuli (duration: 100 ms; rise and fall time: 10 ms). These frequencies were chosen because they are easily discriminable and had been used in earlier auditory sensory memory studies in children and adults [5, 13] .
Measurement duration was shortened by using a timesaving paradigm [14] . Stimuli were grouped in trains of four tones, separated from each other by a fixed interval of 500 ms within the train. The trains began with either a standard or a deviant stimulus, all nonleading stimuli were standards only (Fig. 1 ). An ISI of 500, 1000 or 2000 ms was used between trains, depending on the particular experimental condition. During later data analysis, only ERP responses to tones that occurred as the first tone in a train were averaged, ensuring that the number and the relative position of averaged standards and deviants were comparable.
In a given ISI condition, 1600 tones were presented, 1400 standards and 200 deviants (14%). The presentation of tones was divided into four blocks of 400 stimuli each, with trains arranged in pseudo-randomized order within the blocks, and with a break of 4 s between blocks.
Two ISI conditions were presented per child, a short one of 500 ms and a longer one of either 1000 ms (total duration: 35 min) or 2000 ms (total duration: 42 min) within the same session and in balanced order.
During the EEG recording, the child was seated in an upright child's seat and was either shown a silent video or, if necessary, was kept occupied with quiet play. The child's mother sat in the same room and completed questionnaires. Stimuli were presented through a loudspeaker that was located in front of the child at a distance of 2.3 m, resulting in a sound pressure level of 74 dB.
Event-related potential recording
The electroencephalogram (EEG) was recorded using 20 Ag/AgCl sintered electrodes attached to an elastic electrode cap (Easy Cap, Herrsching, Germany). Electrodes were placed according to the International 10-20 System. The horizontal electro-oculogram was recorded from electrodes placed at the outer canthus of each eye. Most of the children did not accept an electrode underneath their eye, and therefore only Fp2 was used for elimination of vertical eye artefacts. The EEG electrodes were referenced to the right mastoid during the recording and rereferenced off-line against linked mastoids.
Data acquisition was carried out using a BrainAmp system (Brain Products, Gilching, Germany). The online bandpass filter was set to 0.16 and 30 Hz (sampling rate: 250 Hz; impedances at the beginning of measurements: o5 kO). Off-line processing included high-pass (0. 
Data analysis
The data for the fronto-central electrodes (F3, Fz, F4, C3, Cz and C4) were extracted for further analysis. The MMN was obtained by subtracting standard from deviant evoked responses for each ISI condition, and was measured as the mean amplitude across a time window from 140 to 252 ms after stimulus onset. This time window was chosen based on tests for significant differences (Po0.05) between standard and deviant responses (one-sample t-tests) [15] , covering all intervals of significant differences in any of the three ISI conditions for the six fronto-central electrodes (intervals are listed in Table 1 ).
Statistical analysis of the ERP data was performed using analysis of variance. The six electrodes were divided into three topographic categories of a within-subject factor 'side' (left, centre, right). Between-subject factors 'ISI' or 'group' were used for comparison of ISI conditions between the groups of participants (i.e. groups 1 and 2). For withingroup comparisons a repeated-measures design with 'ISI' as the within-subject factor was used. Greenhouse-Geisser corrections were applied when appropriate (e values are reported).
Mismatch negativity comparability between both samples of the short interstimulus interval condition
In the 500-ms ISI condition, prominent and similar MMN responses were obtained for both groups of participants (Fig. 2) . No statistically significant differences in mean MMN amplitudes were found between these samples: no main effect of 'group' [F (1,35) 
Results
Mismatch negativity in the interstimulus interval conditions 500, 1000 and 2000 ms Figure 3 shows the grand average of MMN waveforms for the three ISI conditions, 500, 1000 and 2000 ms. For the 500-ms condition the grand average of the combined groups (groups 1 and 2) is shown. A distinct MMN was found for ISI¼500 ms and ISI¼1000 ms, whereas no negativity was elicited in the 2000-ms ISI condition (Table 1 and Fig. 3 ).
To test the statistical significance of differences among the ISI conditions, two analyses of variance of the mean MMN amplitudes were performed, one for the comparison of the 500-ms and 1000-ms conditions and one for the 1000-ms and 2000-ms conditions. The comparison of the 500-ms and 1000-ms ISI conditions for group 1 yielded no significant effect of 'ISI' [F ( As the 500-ms ISI condition was examined in both groups of participants, and to cross check the above results, we also compared the 500-ms condition of the second group with the 1000-ms condition of group 1. As expected, this also yielded no significant effect of ISI [F(1,35)¼0.249, P¼0 .621] and no interaction of 'ISI' with 'side' [F(2,70)¼0.936, e¼0.955, P¼0.394].
Plots of the mean amplitudes for the different ISI conditions highlight the similarity of mean MMN amplitudes in the 500-ms and 1000-ms conditions and the clear differences between mean amplitudes in the 1000-ms and 2000-ms conditions (Fig. 4) .
Discussion
It is generally thought that evaluation of the MMN with different ISIs probes the duration of auditory sensory memory. Our investigation of the MMN with different ISIs in 2-year-old children showed a prominent MMN in the 500-ms and 1000-ms ISI conditions, but not in the condition with an extended ISI of 2000 ms. The existence of a distinct MMN for the two shorter intervals suggests that the children were able to differentiate between the standard and deviant tone stimuli.
As there were no significant differences between MMN amplitudes elicited with stimulus conditions of 500 and 1000 ms, it can be assumed that the memory trace of the standard is available for comparison with deviant stimuli for at least 1000 ms. The absence of an MMN in the 2000-ms condition suggests that the neural representation of the preceding standards reaches a limit within 2 s, after which it is no longer accessible for the comparison process underlying the generation of MMN.
Previous studies that investigated the duration of auditory sensory memory by means of MMN examined children of either younger or older ages. Cheour et al. [11] reported a duration of auditory sensory memory between 700 and 1400 ms in newborns, and Gomes et al. [13] found that memory traces remained for longer than 8 s in children older than 10 years but decayed within 8 s in younger school-age children. These findings are in line with our results, which suggest that in 2-year-old children auditory [µV] 571 memory traces remain in the sensory memory store for at least 1 s and decay within 2 s. The concept of using the MMN in determining the duration of sensory memory is, however, controversial [4, 8] . Memory processes may be task and function specific, and therefore, it should be taken into account that the temporal limit of sensory memory found with this paradigm may not have general validity. It can be hypothesized, however, that during the longer time interval between the stimuli the sensory memory trace becomes inaccessible for the preattentive detection of auditory changes reflected by the MMN.
Conclusion
In connection with findings from earlier studies, our results provide evidence for a developmental increase in the duration of auditory sensory memory. As the MMN can be elicited without confounding by focussed attention, motivation or understanding of tasks and can be recorded in young children, MMN examination with variable ISIs could be a powerful tool for studying the relationship between auditory short-term memory and cognitive development at an early stage, and for early identification of short-term memory deficits in children with specific developmental disorders.
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